Abstract: Since the lung is an organ whose real movement has never been seen, as it is totally dependent on the rib cage and collapses without them, the objective of the present work is to develop a method to study its movement. The visualization of the lung in motion is an actual topic of research in medicine. Computerized Tomography (CT) can obtain spatiotemporal images of the heart by synchronizing with electrocardiographic waves. The field of view (FOV) of the heart is small when compared to the lung's FOV. The lung's movement is not periodic and it is susceptible to variations in the degree of respiration. Compared to CT, Magnetic Resonance (MR) imaging involves longer acquisition times and it is preferable because they do not involve radiation. The breathing is associated to a standard respiratory function, and through 2D image processing, edge detection, Hough transform and interval arithmetics, respiratory functions are obtained and, consequently, the position of the points in time are estimated. A standard respiratory function must be provided as input to the modified Hough transform. The Hough transform uses a discrete quantization space, implemented as an accumulator matrix. An improved Hough transform is proposed by using interval arithmetics in the accumulation phase of the algorithm. The discreteness of the quantization space is considered in the algorithm, and its consequences are minimized. This work showed more consistent results when compared to previous approaches.
INTRODUCTION
The lung presents some characteristics that do not allow a direct observation, such as the heart or other internal structures. The movement of the lung is passive, and it is the result of the movement of other parts of the body, such as the diaphragm and the thoracic cage, and it is not possible to observe the lung directly, as it collapses if the thoracic cage is opened. The use of internal organ imaging devices turned to be the unique path for lung visualization.
High-speed X-ray CT systems are under development and allow the visualization of three-dimensional descriptions of internal structures in time as described by Mori et al. (2005) . The large FOV of the lung, although, makes the use of those systems prohibitive due to the high radiation exposition. Considering the safety of the subjects under observation, MR devices are preferable. Iwasawa et al. (2002) quantitatively evaluated the diaphragmatic motion using MR imaging from the displacement area and the total diaphragmatic movement in a respiratory cycle. Another approach tried to relate the lung volume to the chest wall motion retrieved from MR image sequences (Cluzel et al., 2000; Gauthier et al., 1994; Gierada et al., 1995) . Tsuzuki et al. (2007) vectorized temporal sequences 1 This author was partially supported by CNPq and FAPESP. of MR images and reconstructed a three dimensional lung in motion.
Independently of the used imaging device, the images obtained from internal organs suffers from some characteristic imperfections, as images are generated in an indirect form, pixel intensities are resultant from volume averaging, resulting in heterogeneous intensities, low resolution and low SNR. The direct consequence of this severe imaging limitation is that often the boundaries of internal organs are not closed, as some parts are not visible, and therefore disconnected. Considering the imaging of the lung using MR devices, those limitations are aggravated. MR devices measure magnetic fields that are directly correlated to the proton density of the matter. As the lung is filled mainly by air, the proton density is low (Ko and Naidich, 2004) and no image is generated from the internal part of the lung. The quick movement of some structures also affect the polarization, such as the pulsate movement of the fluids inside the vessels. This polarization disturbance affects the imaging of those structures, making them visible only in some time instants.
The breathing is represented by a respiratory function extracted from the MR sequence of images. The respiratory function is the input to a modified Hough transform that searches for synchronized movements with the respiratory Proceedings of the 7th IFAC Symposium on Modelling and Control in Biomedical Systems, Aalborg, Denmark, August 12 -14, 2009 ThDT1.1 "The material submitted for presentation at an IFAC meeting (Congress, Symposium, Conference, Workshop) must be original, not published or being considered function. Concerning the Hough transform, most works in the literature investigate the uncertainty of each feature point on the image space (Bonci et al., 2005; Ji and Haralick, 2001) .
In this work, the artificial discreteness of the quantization space is investigated instead. This paper is structured as follows, initially the standard respiratory function is defined. The standard respiratory function is a necessary input to the modified Hough transform. Interval arithmetics is explained and an improved Hough transform using interval arithmetics is proposed. Some results and conclusions are presented.
STANDARD RESPIRATORY FUNCTION
A time sequence of MR images from a slice of the lung can be stacked, defining a spatio-temporal volume (STV) I(x, y, t) where x and y are the coordinates of each pixel of the image and t is the time. Fig. 1 shows an example of an STV, built from 10 coronal images from the same slice of the lung taken in different time instants. The intersection of the STV I(x, y, t) with an arbitrary vertical plane Q v (x s ) parallel to the t axis defines a 2D spatiotemporal (2DST) image as illustrated in Fig. 2 . The 2DST image F s (y, t) corresponds to the intersection of the STV I(x, y, t) with the vertical plane Q v (x s ). An example of the 2DST image extracted from the intersection of the STV and plane Q v (x s ), shown in Fig. 2 is given in Fig. 3 . It is possible to notice that a motion pattern is present, specially because the unique moving structure is a healthy lung. A reasonable assumption is that all structures move synchronously with the lung.
A direct approach using optical flow analysis such as the gradient method would be indicated for the 2D lung motion estimation, as a dense velocity field would be obtained. But for the specific case of MR images, this approach is not well suited as it is known that the accuracy of the estimation using optical flow analysis degrades in areas where moving points suffer sudden intensity changes, a situation that is often observed in MR images due to polarization condition changes. In order to be able to track the contour of the lung on time sequences of MR images from a given slice, even in frames where it is not visible, the assumption that all the lungs related structures do movement synchronously was made, and the synchronization was made through a pattern named respiratory function (Asakura et al., 2005; Matsushita et al., 2004; Tsuzuki et al., 2007) .
A standard respiratory function f s (t) is determined around the diaphragmatic region. The diaphragmatic surface is easy to observe, with a high gradient, and its movement has a higher amplitude when compared to other structures in the thoracic cage. A standard respiratory function is shown in Fig. 4 , representing a sequence of non-negative integer values in time. The standard respiratory function is inside the interval [0, f max ], where f max is its maximum amplitude.
Therefore the retrieval of the respiratory function is the estimation of a motion pattern of the lung related structures in the 2DST image. The standard respiratory function is an input to the Hough transform to determine the presence of motion synchronous to the breathing.
Modified Hough Transform
The Hough transform is a feature extraction technique used in image analysis, computer vision and digital image processing. Usually it is used for detecting straight lines and curves. The purpose of the technique is to find imperfect instances of patterns within a certain class of shapes by a voting procedure. A modified Hough transform was proposed to determine the presence of respiratory patterns f k (t) in 2DST images by Matsushita et al. (2004) . Each point is supposed to move in time according to this fundamental respiratory pattern up to a scale and an offset. Therefore, the movement in time of each point is described by the following equation
where a and b are the scale and the offset of the standard respiratory function, respectively. The search for respiratory functions f k (t) can be summarized as being the identification of a large set of pairs (a, b) on as many as possible 2DST images from a given STV. A respiratory function is therefore, completely specified by a parameter pair (a, b).
An edge image is determined from the 2DST image using a gradient filter (Heath et al., 1998) . For the respiratory function detection, the Hough transform maps each edge pixel (t, y) from the 2DST image into the quantized space of (a, b), where contributions from each feature point to each possible set of (a, b) are evaluated. For this purpose the quantized space is divided into cells, with each cell corresponding to a pair of quantized (a, b). A multidimensional array is used to represent the quantized space. Every feature point (t, y) in the 2DST edge image represents a line in the quantized space, the corresponding cells of the accumulator are incremented accordingly. This is repeated for all feature points. Every cell in the quantized space maps a respiratory function in the 2DST image. This way, the intensity of each pixel (a, b) in the parameter space is proportional to the probability to find a scaled and biased respiratory function in the 2DST edge image. Fig. 5 shows two pixels from the 2DST image mapped to two lines in the quantized space. These two lines intersect at a cell in the quantized space, this cell is mapped to a respiratory function in the 2DST image. The quantization process determines that the pixel (a 1 , b 1 ) with highest intensity represents with most confidence a respiratory function
To proceed with the search for other pairs, the pixels in the 2DST edge image that belong to the just found respiratory function are re-sampled with negative values and a new peak on the quantization space may be found. Remembering that the standard respiratory function is enclosed by the interval [0, f max ], what defines the angular coefficient of the line showed in expression (1). This way, every line crossing (a 1 , b 1 ) in the quantization space with angular coefficient inside the interval [0, f max ] must be negatively re-sampled (see Fig. 6 ). A new peak can be found in the quantization space and the re-sampling is again executed. This process is repeated as many times as necessary. This algorithm fails in some special situations and detects incoherent respiratory functions. Consider the following example, an incoherent respiratory function pointed in Fig. 7. (a) by an arrow was determined by the high intensity cell indicated by an arrow in the quantization space shown in Fig. 7.(b) .
INTERVAL ARITHMETICS
Usually, image processing algorithms assumes that a pixel represents a exact location. In practice, discreteness prevails, in the input stage the data is obtained from a discrete domain, in our case by MR machines. In the quantization stage, the algorithm is computed using an accumulating matrix that is discrete. However, theoretically it was supposed to be continuous. In this scenario, the algorithm that does not take into account the discreteness of the system often fails with severe consequences. In this section, interval arithmetics (Abrams et al., 1998; Tsuzuki and Shimada, 2003) are explained briefly. Firstly, an interval of real numbers if defined by
The union of two intervals that have a non-empty intersection is
The comparison between two intervals can result in three possibilities: certainly equal, possibly equal or certainly not equal. The following example shows that equivalent algebraic expressions can give different results in interval arithmetic. Consider the following expression
and for
For x = 0 we can rewrite f (x) as
For the interval arithmetic evaluation over [2, 3] results in
The reason for this is based on the fact that interval arithmetic does not follow the same rules as the arithmetic for float numbers. 
INTERVAL ARITHMETICS APPLIED TO HOUGH TRANSFORM
and its intensity is represented by an interval [I − 0.5, I + 0.5]. Fig. 8 shows that every feature interval (t, [y]) in the 2DST edge image represents a band line in the quantized space. Consider that the value of the offset interval [b] , for a given [a] , is determined by the following expression
where (t, [y] ) is the feature interval. The resulting value of [b] corresponds to an interval. The pair interval ([a] , [b] ) defines a rectangle representing the area that must be incremented with the pixel (t, y) edge's intensity. Usually, this rectangle does not fit the quantization space grid. When a complete cell in the quantization space is internal to the resulting [b] interval, then that cell is incremented by the intensity of pixel (t, y). In the case of a partial intersection, the cell is incremented by a value proportional to the intersecting area. This algorithm is very similar to an anti-aliasing algorithm. The resulting quantization space is much more smoother than the previous approach. The cell with highest intensity represents a respiratory function band. The resulting respiratory function is determined by the following algorithm. In the case that the band encloses its middle pixel, then the middle pixel is selected. Otherwise, the pixel with larger area intersection is selected instead. To proceed with the search for other pairs, the pixels that belongs to the just found respiratory function are re-sampled with negative values and a new peak in the quantization space may be found. It is important to observe that the re-sampling happens considering the discreteness of the mapping, exactly as previously explained in this section. This process continues until a reasonable number of respiratory functions has been detected.
RESULTS
The sequence of MR images used in the experiment were obtained by Symphony (1.5T) made by Siemens, using the method true FISP (Fast Imaging with Steady State Precession). The slice's thickness is 10 mm. It was used 22 coronal slices and 10 sagittal slices, with 256 × 256 pixels and 12 bits per pixel. The MR images were taken from three healthy non smoking persons. Table 1 shows some characterizations of the three sequences of MR images.
The number of coherently detected respiratory functions increased very much when compared to the previous modified Hough transform proposed by Matsushita et al. (2004) . Fig. 10.(a) shows a coronal image, the line is the position for the 2DST image displayed in Fig 10.(b) . It is possible to observe that the motion of some internal structures of the lung were detected, possibly they are interlobular surfaces. The movement of the diaphragmatic surface has a larger amplitude when compared to other parts of the lung, and it is possible to observe that other internal organs move synchronously to the breathing. The upper and lower part of the lung moves synchronously, with a difference in phase of 180 o .
The 2DST image can be defined by a horizontal Q h (y) and oblique planes Q o (t, y). A general formulation for the plane definition is Q s (x s , y s , θ s ), where θ s is the angle with the x-axis and the plane pass through point (x s , y s ). The same algorithm was applied to planes with different angles, and coherent respiratory functions were obtained for all cases. 
DISCUSSION AND FUTURE WORKS
In this paper, the interval Hough transform that systematically ties the uncertainties computed for each pixel to its contribution. The proposed scheme is based on the propagation of input errors. The preliminary results from the performance characterization of the proposed scheme on real images revealed that the proposed scheme is superior to the modified Hough transform in that it can yield a better accumulator with less irrelevant data and more prominent peaks. The study also shows that the interval Hough transform is more robust and accurate and yields good results with real MR images. The proposed approach, when compared to the modified Hough transform, did not increase much the computational processing.
Several initial suppositions were confirmed in the results. The most important is the supposition that all the lung's related structures do move synchronously when a healthy lung is observed. However, in the case of patients with lung disease, this supposition is not true. Some of the lung's related structures move synchronously to the breathing and the other parts move asynchronously. Figs. refcoronal02.(b) and 13.(b) included the heart, and it is possible to observe the effect of the heart in the imaging. The heart moves with smaller intensity and higher frequency, some pixels disappear and they represent the instants that the heart pumps. In the shown figures this fact happens periodically. The track of the heart's and ill lung's movement are future works with huge importance.
